Abstract This study focuses on the calibration and validation of a dual-permeability soil water flow model for simulating soil water dynamics during the growing period in an irrigated corn field and during the rainy winter period in an uncropped field in northern Greece. The 1D numerical transient dual-permeability model MACRO 5.0 was used to describe the soil water dynamics, the water balance and deep percolation considering both macropore (two-domain) flow and non-macropore (one-domain) flow. The simulated results were compared with measurements of total soil water content at different depths in the soils. The values of the statistical criteria RMSE, E and CRM were better when macroporosity flow was considered; the soil water content showed better redistribution in the soil profile. The limited irrigation of the corn field during the growing period and the irrigation rates did not create conditions for deep percolation of water. In the uncropped field (bare soil), the wet conditions and the high rainfall during the simulation period created conditions for significant deep percolation, whether macropore flow was included in the model or not. The two-domain approach significantly affects the actual evaporation and the deep percolation. The difference between these two approaches is in the amount of deep percolation and the flow path of drainage flow. In the two-domain approach, most deep percolation follows the macropore domain (79.8%). The errors due to macropore parameter uncertainty and to the difficulties of measuring the macropore water content and flow were estimated by a sensitivity analysis for the more important parameters of the model. Key words MACRO model; preferential flow; dual-permeability; deep percolation; irrigated corn; semi-arid climate Application d'un modèle à double perméabilité pour simuler la dynamique de l'eau du sol des champs cultivés et non cultivés du Nord de la Grèce Résumé Cette étude se concentre sur le calage et la validation d'un modèle d'écoulement de l'eau dans des sols à double perméabilité afin de simuler la dynamique de l'eau dans le sol pendant la période de croissance pour un champ de maïs irrigué, et aussi pendant la période hivernale pluvieuse pour un champ non cultivé au Nord de la Grèce. Le modèle numérique à une dimension, transitoire et de double perméabilité MACRO 5.0 a été utilisé pour décrire la dynamique de l'eau du sol, l'équilibre de l'eau et la percolation profonde en considérant soit l'écoulement par les macropores (deux domaines), soit en le négligeant (un domaine). Les résultats des simulations ont été comparés aux mesures de la teneur en eau totale à différentes profondeurs du sol. Les valeurs des critères statistiques (RMSE, E et CRM) étaient meilleures quand l'écoulement par les macropores a été pris en compte. Les résultats de la teneur en eau ont, dans ce cas-là, montré une meilleure redistribution dans le profil du sol. L'irrigation restreinte du champ de maïs pendant la période de croissance et les taux d'irrigation n'ont pas créé de conditions favorisant la percolation profonde. Au contraire, dans le champ non cultivé, les fortes précipitations et les conditions d'humidité au cours de la période de simulation ont créé les conditions d'obtention d'une importante percolation, que l'on considère ou non l'écoulement par les macropores. L'approche à deux domaines affecte significativement l'évaporation réelle et la percolation profonde. La différence entre les deux approches réside dans la quantité de percolation profonde et dans le trajet de l'écoulement de drainage. Dans l'approche à 2 domaines, l'essentiel de la quantité de percolation profonde emprunte le domaine des macropores (79,8%). Les erreurs dues à l'incertitude des paramètres des macropores et aux difficultés de mesurer la teneur en eau du sol et le débit assuré par les macropores et les micropores sont estimées par une analyse de sensibilité des principaux paramètres du modèle.
INTRODUCTION
The importance of macropores for infiltration of water and transport of solutes has been generally recognized during the last decades (Germann 1985 , Christiansen et al. 2004 . Increasing rates of infiltration and the rapid transfer of pesticides and other pollutants through soil towards groundwater significantly affect the soil water distribution and groundwater pollution (EEA 2000) .
Many studies have examined preferential flow and associated contaminant transport (Abu-Ashour et al. 1998 , Shipitalo et al. 2000 . In addition, vadose zone-based models that incorporate preferential flow in the flow governing equations are becoming increasingly more common; e.g. RZWQM (Ahuja et al. 1999) , MACRO (Larsbo and Jarvis 2003) , HYDRUS-2D (Simunek et al. 2003 , Haws et al. 2005 . The application of dual-or multi-permeability models is hampered by their large numbers of parameters (Kohne et al. 2004) . Kohne et al. (2009) presented an analytical review of preferential flow modelling studies at different scales ranging from the soil column to the catchment area.
The MACRO model is perhaps one of the most widely accepted macropore-based models. MACRO is a dual permeability model that uses the Richards equation and the kinematic wave approach (Germann 1985) in modelling micropore and macropore flow, respectively. It requires fewer parameters relative to other two-domain models (Simunek et al. 2003) . MACRO has been used to simulate soil water flow dynamics and salt leaching (e.g. Andreu et al. 1994) , to analyse the field-scale soil water regime at two no-till agricultural fields in Germany (Ludwig et al. 1999) , to assess the degree of preferential flow in an unsaturated soil column (Alaoui et al. 2003) , to simulate liquid municipal biosolid (LMB) and precipitation in a structured silt-loam soil (Akhand et al. 2006) , to simulate unsaturated flow and solute transport through the Chalk (Van den Daele et al. 2007) , to estimate the groundwater recharge through calcareous rocks (Pirastru and Niedda 2010) , to simulate drainage and pesticide leaching to tile drains (Gärdenäs et al. 2006) and in management (e.g. in pesticide regulation in the EU) (FOCUS 1995) . However, few field studies have applied preferential flow models or the MACRO model in irrigated fields, or examined the associated deep percolation and groundwater recharge.
In this study the MACRO model was used to describe the soil water flow and redistribution in the vadose zone of an irrigated field with corn and of an uncropped soil on the Thessaloniki plain of northern Greece. Data from an irrigated corn field analysed in the past to describe soil water dynamics (Antonopoulos 2000) and data collected from a bare field in the winter period of 2010/11 were used to calibrate and simulate micro-and macropore flow with MACRO. The objectives of this paper are: (a) to study the preferential flow and deep percolation in a soil of a cultivated and irrigated field under the semi-arid conditions of a Mediterranean area, (b) to study the water flow from a bare soil under the wet conditions of winter which is the critical period for deep percolation and leaching, (c) to evaluate the MACRO model under these different dry and wet conditions, and (d) to examine whether data collected for one domain soil water flow could be used to describe the flow through micro-and macropores using a dual-permeability model.
MATERIALS AND METHODS

Model description
MACRO is a physically-based 1D soil water model that accounts for soil matrix (micropores) and macropore flow in the flow governing equations to solve the soil water and solute balances. As the model (MACRO version 5.0) is described in detail by Larsbo and Jarvis (2003) , only a brief description of the features relevant to this study (i.e. water movement) is presented here (Larsbo et al. 2005) .
Total porosity is partitioned into two separate flow regions (macropores and micropores) resulting in two flow domains defined by a boundary pressure head (h b ) and its corresponding water content (θ b ) and hydraulic conductivity (K b ). Each domain acts as a separate flow region, characterized by a degree of saturation, conductivity and flux. Vertical flux in the micropores is computed using the Richards equation (Larsbo and Jarvis 2003) :
where C h (∂θ/∂h) is the differential water capacity (cm -1 ), θ is the volumetric water content (cm 3 cm -3 ), h is the soil water pressure head (cm), t is time (d), z is depth (cm), K is the unsaturated hydraulic conductivity (cm d -1 ) and S w are source or sink terms (d -1 ), such as water exchange with macropores, drainage and root water uptake, etc. In the case of vertical flux in macropores, the noncapillary and gravity dominant kinematic wave approach (Germann 1985) is used:
where θ ma and K ma are the macropore water content (cm 3 cm -3 ) and hydraulic conductivity (cm d -1 ), respectively. In MACRO 5.0, soil water desorption in the micropores is calculated using a modified form of the van Genuchten (1980) model and unsaturated hydraulic conductivity is evaluated by the Mualemvan Genuchten model (van Genuchten 1980) . For macropores, the hydraulic conductivity function is considered to be a simple power-law expression of the macropore degree of saturation S ma (Larsbo and Jarvis 2003) . Water exchange between the two domains is treated as a first-order approximation using the diffusion terms of the Richards equation in the absence of gravity. The degree of saturation in the macropores defines the extent of saturated zones that contribute to drainflow or deep percolation. If the macropores are saturated, then flow will take place irrespective of the degree of saturation of the micropores. If the micropores are unsaturated, then only the macropores contribute to the deep percolation.
Water will flow into surface-vented macropores if the rainfall intensity exceeds the infiltration capacity of the matrix. The net rainfall, R (m d -1 ), at the soil surface is partitioned into soil evaporation, E s (m d -1 ), an amount infiltrating into the matrix, I mi (m d -1 ), and an excess amount flowing into the macropores, I ma (m d -1 ), depending on the infiltration capacity of the matrix, I max (m d -1 ), calculated from Darcy's Law. Thus, if R -E s < I max , then the top boundary condition for the matrix is defined by a known flux (Neumann condition) equal to the net rainfall minus soil evaporation. Otherwise, the soil surface boundary condition is given by a known tension (Dirichlet condition).
Potential evapotranspiration (ET) from both crop and soil surface is computed using the PenmanMonteith combination equation (Monteith 1965 , Allen et al. 1998 . The actual transpiration (water uptake) is considered as a function of maximum water uptake, a root distribution factor and a water stress factor at each layer. The last is an empirical function of the soil water content depending on four characteristic soil water contents (h a , h FC , h c and h pwp are the absolute values of the pressure head corresponding to water content at anaerobiosis, field capacity, critical point and permanent wilting point, respectively). The water uptake is preferentially computed from water in macropores.
The model evaluation was assessed using statistical analysis to calculate the average error (E), the root mean square error (RMSE), and the coefficient of residuals mass (CRM) between the measured and simulated soil water content values (Loague and Green 1991, Antonopoulos 2000) . The optimum values of E, RMSE and CRM criteria are 0, 0 and 0, respectively.
Site description and data sets
The MACRO model was applied to simulate the soil water dynamics under an irrigated corn crop and for an uncropped soil during the rainy period of winter in northern Greece.
Data from the irrigated corn field The first application case refers to data from a 0.4 ha experimental field at the farm of the Land Reclamation Institution on the Thessaloniki plain in northern Greece (Antonopoulos 2000 (Antonopoulos , 2001 . Corn is the main irrigated crop (15-24% of the irrigated area in the plain). The planting day of the corn was 7 May 1996, emergence started on 15 May 1996 and the harvest was on 9 October 1996. The field received 250 kg ha -1 of N on the planting day. The soil consists of two layers, characterized as sandy loam (0-55 cm) and loam (55-120 cm) texture. Soil samples were collected from different depths of each plot before planting to determine the soil properties and the initial soil water content conditions in the soil profile. The climate in the area is Mediterranean with annual average rainfall and temperature of 417 mm and 14.5
• C, respectively. The yearly rainfall and average daily temperature of the 1996/97 year were 347.5 mm and 14.0
• C, respectively. The physical properties of the soil are given in Table 1 . As the field data collection is described in detail by Antonopoulos (2000 Antonopoulos ( , 2001 only a brief description is presented here. The parameters of (Dane and Hopmans 2002) . Eleven pairs of water content and pressure were measured to obtain the retention curves for each layer at the following pressure heads: -2.8, -6, -8, -11, -15, -25, -50, -80 and -150 m. The saturated hydraulic conductivity K s was also measured at the middle of the different soil layers using a Guelph permeameter (Reynolds and Elrick 2002) . The parameters of hydraulic functions evaluated using the RETC program (Van Genuchten et al. 1991) are shown in Table 2 . The boundary water content (θ b ) and hydraulic conductivity (K b ) are evaluated from the retention and hydraulic conductivity curves for water pressure head, h = h b . Jarvis and Larsbo (2012) recommend setting h b to a value somewhere within the range -6 to -10 cm. For this study h b was set at -10 cm. The effective diffusion pathlength (d) that regulates exchange of water and solute between macropores and micropores was estimated using the MACRO pedotransfer function, and the values for each layer are given in Table 2 . The values of the kinematic exponent, n * are given in Table 2 , according to the Moeys et al. (2012) parameter estimation for the MACRO model.
The crop LAI (leaf area index) was measured by the destructive method of measuring the area of all leaves within a delimited area, on a two-weekly basis during the growing period. It reached a maximum value on the 210th day of the year and decreased after the 240th day of the year. The functions fitted to the LAI measurement values and the logistic functions which were used by Antonopoulos (2001) are given by: (4) where t is the day of the year.
The rooting depth and root density profiles were estimated every two or three weeks by observation of the extracted root systems and after washing off the soil. Rooting depth was assumed to have increased to 105 cm in 75 days from emergence with most roots (40%) in the upper 30 cm. The function that describes the increasing part of the rooting depth function is given by:
The meteorological data for the simulation period were obtained from a meteorological station near to the field. The daily data were used to calculate the reference evapotranspiration. The potential evapotranspiration (ET) was calculated using crop coefficient values for corn adjusted to Greek conditions (K cin = 0.4, K cmid = 1.10, K cend = 0.3 with duration of growth stages of 30/50/20/50 days). Daily rainfall data were also used. The field was irrigated by sprinkler irrigation. The sprinklers operated over the plants and the irrigation water depth was measured at open soil surface plots and between the rows at 1 m above ground to estimate the amount of irrigated water that was infiltrated into the soil. Eleven irrigations were applied to the experimental field from June to August of 1996. Total irrigation during the corn growing season was 390.1 mm, and the intensity ranged from 2.73 to 3.92 mm h -1 . The rainfall during the study period was 144.6 mm and reached 364 mm for the period of one year. The small amount of rainfall during the corn growing period and during the year shows that it was a very dry year.
The soil water profiles were monitored using the gravimetric technique. Two replicated soil samples were collected from each plot every 8-10 days, depending on the timing of irrigation and fertilizer application. The soil water content of the 0-15, 15-30 and 60-75 cm layers was determined.
Data from the uncropped field The second case refers to an uncropped (bare) soil at the experimental farm of the Aristotle University of Thessaloniki (AUTh) (40
• 32 N, 23
• 00 E, 16 m a.s.l.) in northern Greece in the same area as the corn field but differing in morphology. The distance between the two sites is about 40 km. The soil water content of this field was monitored during the wet period of the year, from autumn 2010 to the end of spring 2011. The experimental site consisted of a part of the field which was bare of plants and where water inputs were controlled. The soil was irrigated with 71 mm of water on 31 October 2010 (day 286 of the year) to increase the water content in the soil profile.
To determine the initial physical and chemical properties of the soil, disturbed and undisturbed soil samples were collected from three layers (0-40, 40-60, 60-70 cm). The experimental site soil is a calcareous loam to 60 cm depth, and a sandy loam in deeper layers (Lekakis et al. 2011) . Below 70 cm depth, the soil contains stones and rocks. The samples were air-dried, ground, passed through a 2-mm sieve and analysed, in duplicate, for selected physical properties (Table 3) . Soil bulk density (ρ b ) and the parameters of the Van Genuchten equation for the moisture retention characteristic, h(θ), were determined in the undisturbed soil samples (Dane and Hopmans 2002) . The pairs of water content and pressure data to obtain the retention curves for each layer were measured at: -1, -3, -6, -10, -15, -20, -30, -50, -70, -100 and -150 m pressure head. The saturated hydraulic conductivity, K s was also measured at different depths using 600 cm 3 undisturbed core soil samples and the constant-head method (Reynolds 2008) . The parameters of the hydraulic functions are shown in Table 4 , with the values of water content (θ b ), water pressure head (h b ), hydraulic conductivity (K b ), the effective diffusion pathlength (d) and the kinematic exponent (n * ) estimated as described for the cropped field. Daily meteorological data, measured at a meteorological station nearby were used to calculate the potential evaporation from the soil according to the Penman-Monteith combination equation (Monteith 1965 , Allen et al. 1998 . The annual average rainfall and temperature in the area are 432 mm and 15.3
• C, respectively. The 2010/11 yearly rainfall and average daily temperature were 499.6 mm and 16.4 • C, respectively. Cumulative precipitation during the 8-month study period was recorded as 423.62 mm, similar to the mean annual rainfall in the area. The winter of 2010/11 was very wet with rainfall exceeding the mean annual rainfall.
The profile soil water content was recorded daily to weekly throughout the study period using a capacitance sensor (Diviner 2000 by Sentek Pty Ltd, Sentek 2007) . Soil water content of the vertical profile down to 0.7 m was determined from sensor readings at 0.1-m intervals through the walls of PVC access tubes. The Diviner 2000 capacitance sensor readings were calibrated for the field soil texture using:
where θ v is the volumetric soil water content (cm 3 cm -3 ) and SF is the scaled frequency. The parameters of equation (6) were determined by nonlinear regression of pairs of soil gravimetric soil water content data and scaled frequency (SF) data measured by Diviner 2000 at the same depth and time.
Model parameterization
Simulation of soil water content using the MACRO model with the one-and two-domain approaches at Table 4 Parameters of characteristic curves of soil layers in the uncropped field. both sites was performed for a period of six months (1 May 1996 to end of October 1996) for the corn field, and for eight months (1 October 2010 to end of May 2011) for the uncropped field. The simulated soil profile depth was 120 cm for the corn field and 70 cm for the uncropped field, and the discretization along the z axis ranged from 0.3 cm near the soil surface to 2 cm at greater depth. The time step varied according to the restrictions of the model. The surface boundary condition was considered as a known flux (Neumann condition) equal to the net rainfall plus irrigation minus soil evaporation and the bottom boundary condition of the free drainage. The MACRO simulations were executed for each site using two different approaches for soil water flow. The pressure potential defining the boundary between pore domains, h b , was set to zero for the first approach (one-domain flow) and -10 cm for the second approach (two-domain flow).
RESULTS
Simulation results at irrigated corn field
In the first application, MACRO was used for simulation of soil water dynamics in a field with irrigated corn for the growing time period. The parameters for the root water uptake model were set to h a = -10 cm, h FC = -100 cm, h c = -3000 cm and h pwp = -15 000 cm (Antonopoulos 2000) . The water content and water balance results were produced using the one-domain (matrix flow) and two-domain (matrix and macropore flow) approaches. Figure 1 shows the simulated and measured soil water content for the corn growing period in the 0-15, 15-30 and 60-75 cm soil layers. Figure 1 shows that the model can simulate the effects of soil-water-plant-atmosphere interactions reasonably well. However, some over-and underestimation occurs in both the one-and two-domain approaches.
The statistical criteria E, RMSE and CRM are summarized in Table 5 . The discrepancy between the measured and simulated water content is generally smaller when macropore flow (two domains) is used in MACRO. The average error (E) for the three layers is 0.023 and 0.015 cm 3 cm -3 for the one-and two-domain approaches, respectively. The RMSE are also small, indicating small deviations between measured and simulated values for all simulation runs. The three-layer mean RMSE values are 18.27% (0.041 cm 3 cm -3 ) and 16.56% The cumulative water balance components (rainfall and irrigation, transpiration and evaporation) are presented in Fig. 2 , and the simulated components of the water balance are listed in Table 6 for the cases of macropore and no-macropore flow. The amount of water applied during the study period was 534.7 mm, of which 144.6 mm was from rainfall. During this period, actual transpiration and evaporation were 572.42 mm and 42.52 mm respectively, for the no-macropore flow, while they were 568.11 mm Fig. 2 Cumulative applied water, transpiration and soil evaporation during the simulation period for the corn field (CE p and CT p : potential evaporation and transpiration, respectively; 1D CE act and 1D CT act : actual evaporation and transpiration with one domain, respectively; 2D CE act and 2D CT act : actual evaporation and transpiration with two domains, respectively; CR+Irr: water applied by irrigation and rainfall). and 59.37 mm, respectively when macropore flow was considered in MACRO. These results show that the irrigation water plus rainfall total accounts for less than the actual transpiration demands, i.e. the soil water balance during the study period was negative. It shows that 85.12 mm and 97.66 mm were extracted from water stored in the soil profile when the one-domain (matrix flow) and two-domain (matrix and macropore flow) approaches, respectively, were used in the MACRO model. These soil water profile conditions mean that there was insignificant deep percolation to below 120 cm, in either approach. interaction reasonably well, although some over-and underestimations are to be noted for both simulations.
Simulation results at the uncropped soil site
There are some differences in the results for water content in different layers using the two approaches, as discussed later, relative to the measured values.
The discrepancy between the measured and simulated water content is generally small ( Table 7 ). The range of E was -0.017 to 0.025 cm 3 cm -3 when one-domain flow is considered and -0.015 to -0.018 cm 3 cm -3 when two-domain flow is considered. The RMSE ranged from 5.58% to 11.57% (0.027-0.060 cm 3 cm -3 ), when one-domain flow is considered and from 6.29% to 7.27% (0.033-0.033 cm 3 cm -3 ), when two-domain flow is considered. The CRM values indicate that the onedomain flow approach overestimates the measurements in the first layer (-0.054) and underestimates them in the two deeper layers (0.020, 0.033), while the two-domain flow approach overestimates (-0.039) in the first layer and underestimates below (0.022, 0.032).
The simulated components of the water balance for the considered period are listed in Table 8 . The total water input during the study period was 494.62 mm, of which 71 mm was from irrigation on 7 October 2010. During this period the soil surface was bare and wet. The simulated actual soil evaporation was 210.37 mm (one-domain flow) and 291.44 mm (two-domain flow) and identical to potential soil evaporation. The deep percolation to 70 cm depth was 164.39 mm when one-domain flow was considered, of which 159.79 mm was through the micropore matrix and 4.60 mm through the macropores. In the second approach (two-domain flow), the deep percolation was 110.96 mm, of which 88.54 mm was through the macropores and 22.42 mm through the micropore matrix. Figure 4 presents the cumulative deep percolation, and the cumulative deep percolation through the microporosity and macroporosity. The soil water balance at the end of the study period was positive, showing increases of 119.86 mm (one-domain flow) and 92.66 mm (two-domain flow) in the stored water of the soil profile. Figure 4 and Table 8 show that when macropore flow is considered in MACRO, the deep percolation is lower at 53.43 mm, and the total stored water in the soil profile is lower at 27.64 mm.
DISCUSSION OF SIMULATION RESULTS
In the application of MACRO for soil cropped with corn, the use of macropore flow in the model leads to more intense redistribution of soil water content than that considering flow in one domain (matrix flow). Figure 1(a) and (b) clearly shows that when macropore flow (two-domain approach) is considered, the water content is overestimated in comparison to the results of the one-domain approach in the upper layers until the end of the irrigation period, and the situation is reversed later, after the growing season. This means that water moves faster to deeper layers after irrigation. The peaks of water content that follow irrigation are smaller than in the one-domain approach in the 0-15 cm layer, and higher at 15-30 cm. In the deeper layer (60-75 cm) the water content results with macropore flow are greater than the one-domain flow results after the irrigation period. The calculated higher water content after the irrigation period is the result of recharge through macropores from the upper soil layers.
Preferential flow through the macropores was small in quantity and intensity due to the very dry conditions of the irrigation period and the limited irrigation that was applied, which just satisfied the plant demand. Small differences in actual transpiration, evaporation and the change in soil water storage were noted between the one-domain and two-domain flow approaches. Deep percolation below the 120 cm depth was not evaluated using either approach.
The second application of the MACRO model was for an uncropped (bare) soil during the wet winter period. Macropore flow is described by two different mechanisms in MACRO. The first is simulated when the pressure head in the soil matrix exceeds the boundary pressure head (h b ) and water flows through the macroporosity. The other mechanism is simulated if the rainfall intensity exceeds the infiltration capacity of the soil matrix of the surface layer. In the first approach (one-domain) the flow through macropores was 4.60 mm (2.8% of total) and took place three times after the irrigation and rainfall events when the intensity exceeded the infiltration capacity (second mechanism of macropore flow). In the second approach (two-domain) macropore flow through the first mechanism was initiated after irrigation on the 286th day of 2010 as the pressure head surpassed the h b value in the 60-70 cm layer for many subperiods of the simulation period. Low evaporation, rainfall and downward water redistribution during the following wet months resulted in macropore flow in the lower layer, whereas the pressure head for some periods hardly exceeded h b at other depths. The second mechanism operated three times during the simulated period, on the 286th day of 2010 (14 and 15 October 2010), the 300th day of 2010 (28 and 29 October 2010) and the 489th day from 1 January 2010 (5 May 2011). On these days, the net irrigation or rainfall was 71, 91.2 and 113 mm, respectively, which exceeded the infiltration capacity of the soil matrix of the surface layer and therefore initiated macropore flow from the soil surface directly to deeper layers. The water so transferred to the depth of 45 cm, as it was diffused step-by-step from the soil matrix. The macroporosity infiltration rates on these three wet days are shown in Fig. 5 . The corresponding macropore water content generated by each mechanism is shown in Fig. 6 ; note that the macroporosity water content was computed for some discrete periods between the rainfall events and is due to the first mechanism, whereas the three peaks are due to the second.
In the uncropped experimental field the use of MACRO with the two-domain approach showed that macropore flow is a very important process in the soil profile and influences the water balance components and soil water storage. From Table 8 it is obvious that macropore flow affects the actual evaporation from the soil surface in the case of bare soil. Larsbo and Jarvis (2003) noted that evaporation can occur in both regions in the model, although is assumed to be preferentially extracted from the macropores. Actual evaporation reached 291.44 mm in comparison to 210.35 mm when one domain was used. This higher evaporation results in less deep water infiltration and less deep percolation out of the soil profile. The total deep percolation with two-domain flow reached 110.96 mm, of which 79.8% was due to macropore flow bypassing the biologically and chemically active surface soil layers. Consequently, many pollutants would not be absorbed by these layers but appear in groundwater, changing the water quality (Simunek et al. 2003 , Christiansen et al. 2004 , Cullum 2009 ).
The overall performance of each simulation was evaluated through the statistical indexes E, RMSE and CRM (Tables 5 and 7 ). The RMSE values are comparable with those of previous studies with different models describing soil water dynamics. Sheikh and van Loom (2007) reported several RMSE values obtained in calibration-validation procedures; most have a range of 0.03 to 0.05 cm 3 cm -3 . Bonfante et al. (2010) , comparing the SWAP, CropSyst and MACRO models, obtained RMSE values ranging from 0.011 to 0.082 cm 3 cm -3 for different soils and models. Antonopoulos (2000) , using the WANISIM model, the same data and direct and pedotransfer functions for the hydraulic properties of the corn field, obtained RMSE values ranging from 17.60 to 34.02% (0.027-0.103 cm 3 cm -3 ). Jarvis et al. (2000) , using MACRO, considered soil water content simulations acceptable, with values of RMSE less than 0.06 cm 3 cm -3 and absolute values of CRM of less than 0.07 on average.
From the MACRO model results it is clear that the amount of water in the macroporosity and flowing through macropores is a very low percentage of the total water during the dry and irrigated conditions of the growing season. It became significant only during the wet period or after heavy rainfall/irrigation events. For the wet period of 2010/11, the deep percolation through macropores was 79.8% of the total drainage water, and occurred mainly after the three heavy inflow events (Figs 5 and 6 ). Pirastru and Niedda (2010) studied the simulation of a calcareous rock soil in southern Italy and noted that, near the soil surface, about 5% of water passed through the macropores and the macropore flow readily infiltrated into micropores, but below 0.2 m the soil water flow was transmitted solely through the micropores. Akhand et al. (2006) noted that the simulation results of liquid municipal biosolid and precipitation in a structured silt loam soil in southern Ontario, Canada, showed that macropores dominated flow to tile drains and an average 97% of total tile drain was from macropores.
In relation to the data collected to simulate twodomain water flow in the soil system, it was proved from the applications of MACRO using the one-and two-domain approaches, that the monitored data of soil water content during the simulation period at different depths in the profile, of plant growth and plant use of soil water, of water inflow to the system by measuring the irrigation water (amount and intensity) and rainfall, could be used as the outputs during the model calibration. The difficulties of measuring the macropore and micropore water contents and the hydraulic properties describing the macropore flow are a critical part of two-domain simulations and create uncertainties in the results for macropore flow. The limited application of models for soil water and pesticide transport at the field scale and under cropping conditions is evidence of the soil hydraulic property measurement difficulties. As Cameira et al. (2000) noted, determination of soil hydraulic properties requires a two-step method, using field data from infiltration redistribution experiments and running a soil water simulation model in the inverse mode, because the tension infiltrometer methods cannot measure and distinguish the continuity and classes of macropores. Larsbo et al. (2005) noted also that the main limitation to much wider adoption of dualpermeability models in both research and management is the difficulty of parameterization. From their review of methods for parameter estimation, they conclude that inverse modelling techniques are required, which, however, are time consuming and demand considerable computer resources.
To overcome the difficulties of macropore soil hydraulic parameter measurement at the field scale, h b , d and n * , and to measure water content and flow through the macropore system, the errors due to macropore parameter uncertainty were estimated by a sensitivity analysis of the most important parameters. The sensitivity analysis focused on the AUTH field data (uncropped soil), because the water in macropores and flow through the macropore system were very low for the corn field, and the sensitivity analysis results for it were poor. The computed cumulative water percolation (total and through macropores), the actual evaporation and the water storage in the soil profile at the end of the simulation were considered as appropriate outputs for comparing the effect of varying values of the hydraulic parameters of macropore flow, h b , d and n * .
The cumulative percolation (total and through macropores) was sensitive to changes in the h b value. An increase or decrease of h b by ±5 cm affects the total percolation by -10.03% and +13.34%, respectively, and the macropore percolation by +8.21% and -29.48%, respectively. The decrease in this parameter decreases the macropore flow faster than the increase in total percolation. A decrease of n * to 3 and 2, from a value of 4 as used in the simulations, affects total macropore percolation by less than 1%. An increase of the d parameter, from the 6 mm evaluated using the pedotransfer function, to 12 and 20 mm did not affect the total or macropore percolation.
The increase or decrease of h b by ±5 cm affects the soil actual evaporation by +5.15% and -7.36%, respectively, and water storage at the end of the simulation period by -1.26% and +2.18%, respectively.
The sensitivity analysis showed that the most sensitive hydraulic parameter of the two-domain soil water flow is the boundary pressure head, h b , while the effective diffusion pathlength (d), and the kinematic exponent (n * ) were not sensitive.
CONCLUSIONS
The dual-permeability soil water flow model, MACRO, was used to simulate water dynamics under an irrigated corn crop, and for an uncropped soil during the rainy winter period, in the Mediterranean climate conditions of northern Greece.
Due to the difficulties of collecting data related to macroporosity water content and water flow through macropores under agricultural field conditions, the measured data of soil water content, plant growth, water uptake during the growing period in the cropped field and during the study period at the uncropped field were used for calibration of MACRO and simulations. To confront the errors in the water content and water balance results due to macropore parameter uncertainty, a sensitivity analysis was conducted which showed that the most sensitive parameter is the boundary pressure head for the uncropped soil experiment.
The simulation results of the irrigated corn soil during the growing period were improved when macropore flow was considered in MACRO relative to the results when only flow in the soil matrix was considered.
The simulation results of water flow in the uncropped soil during the wet period considering macropore flow in MACRO produced better values of statistical criteria (RMSE, E and CRM). The consideration of preferential flow or not affected the total water in the soil profile, the components of the water balance and the process of water movement to groundwater. Under the Mediterranean climate, even with irrigation, the possibilities for macropore flow in a layered loam and sandy loam soil are limited to the wetting period of winter.
The challenge will be to estimate the part of pesticides that transport/leach to the groundwater as a result of preferential flow under these agronomic conditions (cropped and uncropped field) and soil types (sandy loam and loam).
